atomically sharp interface open up unprecedented opportunities to design and study functional heterostructures. Semiconducting transition metal dichalcogenides have shown tremendous potential for future applications due to their unique electronic properties and strong light-matter interaction. However, many important optoelectronic applications, such as broadband photodetection, are severely hindered by their limited spectral range and reduced light absorption. Here, we present a p-g-n heterostructure formed by sandwiching graphene with a gapless bandstructure and wide absorption spectrum in an atomically thin p-n junction to overcome these major limitations. We have successfully demonstrated a MoS2-graphene-WSe2 heterostructure for broadband photodetection in the visible to short-wavelength infrared range at room temperature that exhibits competitive device performance, including a specific detectivity of up to [4][5][6][7][8][9][10][11][12] [13] [14] [15] [16] [17] [18] [19] and electronic 20, 21 properties, and they are expected to play an important role as an essential unit in future ultra-scaled and integrated optoelectronic circuits.
Broadband Photovoltaic Detectors based on an Atomically Thin Heterostructure
shown tremendous potential for future applications due to their unique electronic properties and strong light-matter interaction. However, many important optoelectronic applications, such as broadband photodetection, are severely hindered by their limited spectral range and reduced light absorption. Here, we present a p-g-n heterostructure
formed by sandwiching graphene with a gapless bandstructure and wide absorption spectrum in an atomically thin p-n junction to overcome these major limitations. We have successfully demonstrated a MoS2-graphene-WSe2 heterostructure for broadband photodetection in the visible to short-wavelength infrared range at room temperature that exhibits competitive device performance, including a specific detectivity of up to 10 11 Jones in the near-infrared region. Our results pave the way toward the implementation of atomically thin heterostructures for broadband and sensitive optoelectronic applications.
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2D materials, transition-metal dichalcogenides, graphene, heterostructure, photodetection urrent photodetection technologies rely primarily on separate photoactive semiconducting materials with certain bandgaps corresponding to distinct spectral ranges. The realization of broadband light detection is crucial in many important optoelectronic applications, such as sensing, imaging 1 and communication 2, 3 . Transition metal dichalcogenides (TMDs) have recently been demonstrated with remarkable optical [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and electronic 20, 21 properties, and they are expected to play an important role as an essential unit in future ultra-scaled and integrated optoelectronic circuits.
However, broadband photodetection based on TMD materials remains a central challenge due to limited spectral bandwidth and reduced light absorption similar to conventional group IV and III-V semiconductors. In the past few years, intensive research efforts have been focused on creating van der Waals junctions by stacking selected two-dimensional materials with an atomically sharp interface 22, 23 . This approach offers tremendous opportunities for designing functional electronic 16, 24 and optoelectronic 15, [25] [26] [27] units.
In this work, we present a p-g-n heterostructure formed by sandwiching graphene (g) in an atomically thin p-n junction to realize broadband and high-sensitivity photovoltaic detectors. A schematic drawing is shown in Fig. 1a . Graphene with a gapless bandstructure [28] [29] [30] provides an effective absorption material over a wide spectral range. The built-in electric field formed at the depletion region of the p-n junction plays a crucial role in efficiently separating photoexcited electrons and holes and enables broadband photodetection with high sensitivity. Compared to previously proposed broadband solutions based on photoconductive graphene hybrid structures 29 , such a design could effectively suppress the dark current and overcome the issues of low specific detectivity and large energy consumption. As a demonstration, we fabricated an atomically thin MoS2-graphene-WSe2 heterostructure with a broadband photoresponse in the visible to short-wavelength infrared range at room temperature;
this device exhibited a specific detectivity of up to 10 , where Jd is the dark current density and q is the electron charge. WSe2) are efficient absorption materials that produce abundant photo-generated free carriers, resulting in a considerably higher photoresponse. When the wavelength is near the infrared region and the photon energy is smaller than Eg2, the interband absorption of both monolayer MoS2 and WSe2 is forbidden. As shown in Fig. 2b (right), the graphene layer becomes the only light absorption material to generate electron-hole pairs, yielding a relatively smaller photoresponse in the infrared range.
We further investigated the incident light power dependence of the photoresponse in both the visible and near-infrared regions, and the major results are plotted in Figs. 3a and 3b, respectively (measured at Vds = 1 V and Vg = 0 V in ambient conditions).
Here, we introduce another key figure of merit: the external quantum efficiency (EQE), which is the ratio of the number of photoexcited charge carriers to the number of incident photons and can be expressed as EQE = (hcIP /eλPI), where h is the Planck constant, c is the speed of light, and λ is the wavelength of the incident laser. In the visible range (using a 532 nm laser), as shown in Fig. 3a Jones with the requirement of cooling to 4.2 K for operation) 36, 37 . In the near-infrared region (using a 940-nm laser), a similar trend was observed with relevant results shown in Fig. 3b , in which R is as high as 306 mA W The structure of the ultra-thin vertical p-g-n junction also plays a crucial role in inducing an efficient photo gain mechanism over the entire spectrum. The photoexcited electron-hole pairs in the strong built-in electric field are spontaneously and rapidly separated 38 . The interlayer inelastic tunneling process occurs due to lateral momentum mismatch 39 in randomly stacked interfaces, which is beneficial for reducing interlayer recombination and increasing the carrier lifetime τlife. The gain G can be expressed as G = τlife/τtransit, where τtransit is the carrier transit time over the source-to-drain distance L.
The time τtransit is related to the drift velocity Vd and device mobility μ and can be
In our p-g-n structure, τtransit is much shortened because L is ultimately short in an atomically scale. Thus, the combination of the increased τlife and reduced τtransit results in a significantly enhanced photoresponse in the designed p-g-n structure.
In spite of this first demonstration of broadband photodetection based on atomically thin p-g-n junctions, further improvements in device performance can be reasonably 
Methods
We used a standard mechanical exfoliation method to isolate mono/few-layer MoS2, WSe2 and graphene films. The thickness of the flakes was first measured using a Bruker Electrical transport measurements were performed using a Keithley 2636A dual channel digital source meter. Photoresponse measurements were performed under ambient conditions using a Lake Shore probe station. The wavelength-dependent photoresponse in Fig. 2a was measured using a supercontinuum full spectrum white light laser source (400-2400 nm) combined with a monochromator. The spot size was ~50 μm.
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Van der Waals heterostructure fabrication
The p-g-n devices were fabricated by a van der Waals adhesion technique to assemble layered materials without exposing the interfaces to polymers or solvents The AFM measurements were performed using a Bruker Multimode 8 system. Raman and PL measurements were performed using a Witec alpha 300R confocal Raman system. The laser was focused through a 50× objective lens (NA = 0.7) with a spot size of ~500 nm. The excitation light source was a 532 nm laser (2.33 eV) with a power below 1 mW to avoid sample damage. The Si peak at 520 cm -1 was used for calibration of the measurements. We further studied the bias and back gate dependence of the photoresponse of our p-g-n photodetectors using a 532 nm laser. In The spot size of the laser beam was ~50 μm. 
Additional data from electrical characterization
Room-temperature photoelectric imaging
The realization of broadband and sensitive photodetection of p-g-n heterostructures suggests possible applications in many important fields. Here, as a simple demonstration, we constructed a p-g-n-structure-based imaging system by replacing the CCD unit of a digital camera with our device, which was connected to a pre-amplifier. Fig. S7a schematically shows this integrated imaging system, in which the modified camera was placed on a piezo-electrically controlled platform and the imaging target was a printed object placed in front of a fluorescent light source. Thus,
